Concrete pavements containing TiO 2 can be used for air pollution control by oxidizing NO X under UVbearing sunlight. This study employed a bench-scale photoreactor to estimate NO oxidation rates for varied environmental conditions. Rates correlated positively with NO inlet concentration and irradiance and negatively with relative humidity. No correlation occurred with flow rate. A decrease in slab moisture (previously unstudied) positively correlated with NO oxidation rate at 0-2% loss of saturated mass, but negatively correlated at losses greater that 2%. Although prior researchers deemed temperature insignificant, data indicated a positive correlation. Overall, rates ranged from 9.8-64 nmol•m -2 •s -1 . 
NO2 falls within a group of highly reactive oxides of nitrogen commonly known as NOX. Nitric oxide 23 (NO) accounts for 95% of NOX emissions (USEPA, 2001 ). This pollutant is freely oxidized to NO2 in the 24 atmosphere; hence, the efforts to abate NO2 pollution target NO emissions. In fact, due to the high 25 reactivity of the various NOX species, USEPA assumes all NOX in emissions estimates to be in the form of 26 NO2 (USEPA, 2001). USEPA employs various mechanisms in an effort to minimize NOX exposure (e.g., 27
improvements in public transportation, establishment of lanes for high occupancy vehicles, facilitating 28 non-automobile travel, and promulgation of tailpipe NOX emissions standards) (Clean Air Act, 2008; 29 USEPA, 2007). NOX mitigation strategies are not exempt from the law of diminishing marginal returns; 30 therefore, in addition to efficiently applying conventional mechanisms, novel technologies should be 31 considered. These technologies may yield higher levels of pollution reduction per dollar spent. 32
Photocatalytic pavements represent one of these novel approaches. When exposed to sunlight and in the 33 presence of a low concentration of water molecules, titanium dioxide (TiO2) contained within these 34 pavements generates hydroxyl radicals ( correlation between percent NO removal (as opposed to NO oxidation rate) and flow rate (slope of a linear 66 fit was less than -10). This finding was also reported in Ballari et al. (2010) , however in this case slope was 67 only slightly less than -1. Finally, a review of the fundamentals of heterogeneous catalysis indicates that, 68 due to the fact that reactant adsorption is dependent on temperature, oxidation rate appears to be 69 correlated with temperature (Herrmann, 2010) . However, literature pertaining to photocatalytic 70 pavements is both vague and contradictory in terms of the relationship between slab temperature and 71 NO oxidation, with one source asserting that oxidation rate increases with an increase in temperature 72 (Beeldens et al., 2011) and another reporting a decrease in oxidation rate with increased temperature 73 (Chen & Chu, 2011) . 74
Consequently, this study employed TX Active mortar slabs and a photoreactor to evaluate the change 75 in NO oxidation rate that occurs with changes in NO concentration, irradiance, test gas flow rate, relative 76 humidity, decrease in slab moisture, or temperature. In instances when published photocatalytic 77 pavement data existed, the data collected in this study was compared with data published by other 78 researchers in order to draw conclusions in regards to the range of NO oxidation rates that could be 79 expected and the variation that occurs between specimens. 80
Materials and Methods 81

Photocatalytic Mortar Slab Preparation and Cleaning 82
Three photocatalytic mortar slabs were used to evaluate this study's objectives. These slabs measured 83 152 mm (6 in) × 152 mm (6 in) × 25 mm (1 in). For this study, the researchers used a commercially-available 84 cement that contains TiO2 (TX Active, Essroc Italcementi Group, Nazareth, PA). Although, the TiO2 content 85 in this cement was not provided by the manufacturer, within patents governing photocatalytic cements, 86
TiO2 content ranges from 2-10% by mass (Paz, 2010) . Given the small volume of the slabs constructed, the mix did not include coarse 91 aggregate. Except for the coarse aggregate, the relative proportions of materials used to manufacture the 92 laboratory mortar slabs were similar to that of a pavement section placed at a field site, which will be 93 evaluated in future research efforts (citation removed to ensure blind review). Particular care was taken 94 to use the same water-to-cement ratio for both lab and field mixtures. During the placement process, a 95 paste of water and photocatalytic cement coats aggregates and when hardened forms the surface that is 96 exposed to pollutants. To manufacture the slabs, a two-lift procedure was used with equal volumes of a 97
Type I cement bottom lift followed by a TX Active photocatalytic cement top lift. A possibility exists that 98 excess vibration and surface finishing could draw water to the surface, thereby reducing the TiO2 99 concentration. To minimize this possibility the material was consolidated by tapping the sides of the form 100 with a mallet and leveled with use of a screed. Following placement, a damp cloth and plastic sheet were 101 laid over the slab surface for a 24-h curing period. Following this initial curing period, the slabs were 102 removed from the forms and placed in a 100% relative humidity room for the duration of a 14-d curing 103
period. 104
Prior to evaluating NO oxidation rates (described in Section 2.3), slabs were cleaned by immersion in 105 water (Type I reagent grade) for 2 h and oven-dried at 60°C (140°F) for 20 h. This procedure was similar 106 to that specified by the International Organization for Standardization (ISO) standard 22197-1:2007(E); 107 this standard governs evaluation of NO removal by photocatalytic materials (ISO, 2007) . 108
Experimental Apparatus 109
A flow-through poly(methyl methacrylate) (PMMA, i.e., plexiglass) photoreactor served as the primary 110 component of the experimental apparatus. properties of the mortar slab. The primary emissions spectrum peak from the light was 365 nm. At the 119 location of the slab surface, the irradiance at 365 nm was measured to be 0.22-1.5 x 10 1 W•m -2 using 365 120 nm UV sensor and radiometer (CX-365 and VLX-3W, Vilber Lourmat, Marne-la-Vallée, France). Except for 121 instances when temperature was investigated as an independent variable, slab temperature was room 122 temperature (approximately 22°C). 123
As displayed in Figure 3 , within the reactor, 25 mm (1 in) wide PMMA spacers secured the slab's 124 position and were set at a height that was either flush with or less than 2 mm below the slab surface. 125
Within the 300 mm long reactor, the gas flowed over the slab through a cross section with a width of 150 126 Inc., Boulder, CO), completed the experimental apparatus. The monitor recorded the gas concentrations 141 at 10 s intervals and was set to measure either NO or NOX. Unlike chemiluminescence instruments, which 142 detect the light produced when NO reacts with ozone (O3), the Model 410 measures the change in UV 143 absorbance at 254 nm when O3 is consumed upon reaction with NO. UV absorbance is an absolute 144 method; therefore, the analyzer requires calibration annually to correct for non-linearity that exists in the 145 photodiode response and associated electronics. 146
Operational Procedure 147
Operation of the experimental apparatus was divided into two phases: parameter setting and testing. 148
While in the parameter setting phase, the test gas flowed through the photoreactor; however, the slab 149 was not irradiated by UV light. This phase was used to set airflow rate, relative humidity, and pollutant 150 concentration and lasted for approximately 10 minutes. After adjusting parameters to desired values, gas 151 flow was maintained through the photoreactor for a period sufficient to reach steady-state conditions. 152
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The testing period comprised two steps during which the UV light was turned off and on and 153 concentrations of NO and NOX were measured. Figure 4 illustrates the UV on and off measurement cycle. 154
Time to complete this cycle was limited to 60 minutes to minimize the possible influence of slab 155 degeneration (e.g., due to the adsorption of reaction products) on collected data. Of note, a gap occurred 156 between measurement of UV light on and off segments. The change in concentration that occurred when 157 the light was turned on or off was not instantaneous. The period between measurements permitted time 158
for concentration stabilization after each parameter change. In some instances, the time gap was not 159 sufficient for concentration stabilization. When analyzing the data strings, these values were identified 160 and removed. The study also did not evaluate adsorption of NO that could occur on the slab or on other 161 surfaces within the photoreactor; rather, in similarity to other studies, this research focused on NO 162
removal that occurred as result of irradiance by UV light (Ballari et concentration between UV-off and -on periods avoided these error sources and limits the source for a 170 change concentration to photo-oxidation and photo-dissociation. To evaluate whether photo-dissociation 171 occurred within the photoreactor, the researchers also evaluated a slab that was not manufactured with 172 photocatalytic cement (see Control in Table 1 ). A two-tailed t-test, assuming unequal variances, did not 173 find evidence of a significant difference between average UV-off and UV-on NO concentration at 90% 174 confidence (t=3.019, df = 4, p = 0.039). 175
Variable Control and Measurement for Completed Tests 176
To evaluate the objectives listed above, the study collected data on the NO oxidation rates of 177 photocatalytic mortar slabs under varied environmental conditions. In some cases, NOX oxidation rates 178
were also collected. The following environmental variables were considered: NO concentration (CUV off), 179 irradiance (Irrad.), test gas flow rate (Q), relative humidity (RH), decrease in slab moisture, and slab 180 temperature (Temp). Table 1 and relative humidity. To control irradiance the distance between the UV light and photoreactor optical 192 window was varied until the target value was observed on the radiometer at the height of the slab surface. 193
Slab temperature 194
Prior to evaluation in the photoreactor, a pre-cleaned slab (procedure in Section 2.1) was brought to 195 an initial temperature that was either above or below room temperature. To obtain this initial 196 temperature, a slab was placed in either an oven (60°C) or a refrigerator (2-4°C) for a period of 2 h. After 197 removal from the oven or refrigerator, the slab was immediately loaded into the photoreactor. activity. This error can be minimized by ensuring that the lowest slab temperature is substantially above 205 the dew point temperature of the test gas. To create a substantial difference between temperatures, the 206 researchers selected a 20% relative humidity for the test gas (dew point = -2°C). As a result, even if the 207 test gas air cooled 5°C as it flowed over a cool slab, relative humidity would only increase to 60% and 208 saturation of the test gas would not occur. To further minimize this potential error, the researchers 209 attempted to evaporate condensed water by using valves to reduce the test gas relative humidity to 0% 210 for a 10 minute period. Following this period, the UV light was turned on, relative humidity was increased 211 to the target value (20%), and photocatalytic evaluation began. The possibility exists that the effort to 212 avoid error by water condensation was unsuccessful. This possibility was evaluated by comparing the 213 slope of the NO oxidation rate versus temperature line for observations below and above 22°C (Section 214 3.1.6). It must also be noted, that in this portion of the study, the researchers sought to ensure that water 215 vapor density remained constant throughout the tests, rather than relative humidity. To achieve this 216 goal, relative humidity was set in reference to the test gas temperature, which remained constant, rather 217 than the variable slab temperature. 218
Additional NO oxidation rate evaluations were completed in succession as the slab temperature 219 increased or decreased. Three sets of successive tests were recorded at the following temperature 220
classifications: hot (32-55°C, Test IDs 13-19), warm (19-22°C, Test IDs 20-22), and cool (7.1-15°C, Test 221
IDs 23-25) as shown in Table 1 . Conducting successive tests could lead to a decrease in reactivity over 222 time; therefore, the testing period was reduced such that the total testing time for the hot, warm, and , relative humidity to 20% and UV-A irradiance to 10 W•m -2 at 365 nm. In 234 similarity with the approach used in Section 2.4.2, a constant vapor density was ensured by setting relative 235 humidity in reference to the test gas temperature. To achieve saturation, a slab was immersed in water 236 for 24 h. To promote a decrease in slab moisture, the slab was placed in a 60°C oven. The slab was 237 periodically removed from this oven in order to measure slab mass and NO oxidation rate. Testing 238 continued for the duration of 48 h. The decrease in slab moisture was presented as a percentage using 239 the mass at the point of saturation and the calculated moisture loss (i.e., the difference in mass at 240 saturation and at the point of photoreactor evaluation). 241
Presentation of Results 242
Other 
The recorded test gas temperature was used to calculate oxidation rate for evaluations of NO 257 concentration, irradiance, flow rate, and relative humidity. Due to the low mass flow rate (5. for this study. Of note, in each instance the value of NO oxidation rate is greater than that of NOX oxidation 264 rate. It could be expected that since the test gas supply to the reactor was nearly entirely comprised of 265 NO, then the NO and NOX removal values would be the same value. The discrepancy arises because NO is 266 not oxidized completely to HNO3. Rather, a portion of the gas is transformed to NO2. NO2 that remained 267 in the gas stream was counted as part of the outlet NOX concentration. As a result, NOX removal measured 268 lower than NO removal. 269
In this study, all slabs were prepared with the same procedure, materials, and proportions but in 270 different batches. Review of Table 1 finds that although Tests IDs 0 and 6 were evaluated at the same 271 environmental conditions, the observed NO oxidation rate differed by 51% from the mean. This difference 272 may be due to several non-obvious factors within the mixing, placement, and curing steps. Prior research 273 also indicated that oxidation rate differences may occur between slab replicates. photocatalytic pavements, this framework would indicate that, at high concentration, the rate of NO 294 oxidation would remain constant. A constant oxidation rate occurred because a finite number of active 295 sites were available for photocatalytic degradation. Once these sites were occupied, the rate of oxidation 296 did not increase. In contrast, while within the low-concentration classification, the active sites had not yet 297 been filled (Herrmann 1999) . 298
For reactants adsorbed from aqueous phases, Herrmann (1999) indicated that a first-order kinetics 299 apply when concentration is less than 10 -3 M and zero-order kinetics apply at a concentration greater than 300 5 x 10 -3 M. These divisions have not been established for reactants adsorbed from a gas phase. Except for 301 markedly different that that of the authors'; therefore, material chacateristics are also likely to influence 317 the activity of photocatalytic pavements. More broadly, it can be concluded that because these slopes are 318 significantly different, a generalized assumption of the effect of NO concentration on NO oxidation rate 319 cannot be made. Instead, if a photocatalytic material is to be used in the field, it would be wise to complete 320 lab evaluations in order to project levels of oxidation that could be observed in the field. 321 lines between this data set and the authors' found a significant difference (t = -5.672, df = 7, p = 0.001). In 347 similarity with the conclusion reached in Section 3.1.1, this difference indicates that lab evaluation of a 348 specific material selected for field application is warranted in order to assess its NO oxidation potential. States, the difference between the typical mid-summer peak UV radiation and the radiation 4 hours earlier 360 in the day is more than 70% (Long et al., 1996) . At present, oxidation rates at these low irradiance values 361 are quite low. To be effective at peak pollution hours, the ongoing efforts by other researchers to enhance 362
UV-A Irradiance 322
TiO2's photo-induced reactivity must be incorporated into new formulations of photocatalytic pavements. 363
Flow Rate 364
A model utility test on the data collected in this study (presented in Figure 7 proportionally to the residence time over a photocatalytic surface because more time exists for pollutants 381 to absorb and be oxidized at active sites. Overall, the lack of a correlation between flow rate and NO 382 oxidation rate could simplify modeling efforts as stakeholders consider field applications. However, given 383 the wide array of variables that need to be considered, this modeling effort will be challenging and is likely 384 to have a high degree of uncertainty. that water adsorbed on the slab serves as the source for OH -. Intuition would thereby suggest that 393 increased humidity would result in an increased rate of NO oxidation. By observation, the opposite has 394 been found to be true. In addition to photocatalytic properties, materials containing TiO2 also exhibit 395 photo-induced superhydrophilicity (i.e., water on the surface has a contact angle of nearly 0°) (Fujishima 396 et al., 2008) . Adsorbed water vapor disperses over the surface, blinding photocatalytically active sites 397 (Beeldens, 2007) . Denver, CO (USEPA, 2010a). With the exception of Denver County, each of the listed counties frequently 415 experiences high humidity conditions. As displayed in Figure 8 , the NO oxidation rate at high humidity is 416 substantially diminished. Unless photocatalytic pavements can be modified to lessen their sensitivity to 417 changes in relative humidity, effective application in these polluted areas will be difficult. and 2% decrease in moisture, as water is evaporated from the slab it no longer blinds active sites and the 426 NO oxidation rate increases. This explanation is similar to the explanation for the correlation between 427 relative humidity and NO oxidation rates. For a decrease in moisture above 2% the rate of NO oxidation 428 appears to be limited because water contained within the slab is not available as a source for In this study, the peak NO oxidation rate was observed at 2% decrease in slab moisture. Under field 437 condition a different peak would be observed. This difference would arise because water content varies 438 throughout the depth of a concrete pavement; therefore, the decrease in moisture at the pavement 439 surface would differ from the decrease in moisture throughout the entire slab. Overall, the findings 440 presented in Figure 9 complicate recommendations for field application of TiO2-containing pavements. 441
On the basis of relative humidity, areas with sustained periods of low humidity would be recommended 442 for application. It would be assumed that mitigation of NO pollution would continue as long as relative 443 humidity remained low. However, sustained low humidity would also cause evaporation of water 444 contained in the pores of the slab. Based on the data presented, a photocatalytic concrete pavement 445 could be expected to remove NO initially; however, over time NO oxidation would decrease and the 446 benefits would be lost. If TiO2-containing pavement is to be applied in the field to mitigate NO pollution, 447 The effect of temperature on NO oxidation rates has not been studied in previous photoreactor 465 studies; therefore, comparison with other data sets was not possible. Other photocatayltic pavement 466 studies that do make statements in regard to the impact of temperature on oxidation rates are often 467 vague. In most instances these studies assert that the oxidation rate increases with an increase in 468 temperature (Beeldens et al., 2011) and that only large differences in temperature (i.e., summer vs. 469 winter) are significant (Dylla et al., 2011) . In addition to being vague, the literature also is contradictory 470 and one source reported a decrease in oxidation rate with increased temperature (Chen & Chu, 2011) . 471
One aqueous photocatalysis publication, Herrmann (1999) , does provide useful insight for this study. It 472 stated that in the range of 20-80°C, activation energy was negligible and was not a rate limiting step. 473
Furthermore, at temperatures below 0°C, the apparent activation energy of the photocatalyst increased 474 leading to a decrease in oxidation rate. between NO oxidation rate and relative humidity. In contrast with evaluations for UV-A irradiance and NO 499 concentration, no significant difference was found with comparison of this study to Murata et al. (2000) . 500 A significant difference in slope was observed between this study and Hüsken and Brouwers (2008) and 501 Hüsken et al. (2009) . Decrease in slab moisture, a variable not investigated in prior work, was found to 502 affect NO oxidation rates. At losses of 0-2% of saturated mass, a positive correlation was observed; 503 whereas, at losses greater that 2% a negative correlation was observed. A positive correlation was 504 documented for slab temperature. This finding contrasts previous assertions which considered this 505 variable insignificant. 506
Overall, it can be concluded that photocatalytic mortar slabs manufactured with TX Active pavement 507 are highly sensitive to changes in environmental variables. NO oxidation rates observed in this study 508 ranged from 9.8-64 nmol•m 
